Abstract The electrical characteristics of an alternating current (AC) plasma igniter were investigated for a working gas of air at atmospheric pressure. The discharge voltage and current were measured in air in both breakdown and stable combustion processes, respectively, and the current-zero phenomena, voltage-current (V -I) characteristics were studied for different working gas flow rates. The results indicated that the working gas between anode and cathode could be ionized to generate gas discharge when the voltage reached 8 kV, and the maximum current was 33.36 A. When the current came to zero, current-zero phenomena appeared with duration of 2 µs. At the current-zero moment, dynamic resistance between electrodes became extremely high, and the maximum value could reach 445 kΩ, which was the main factor to restrain the current. With increasing working gas flow rates, the gradient of V -I characteristic curves was increased, as was the dynamic resistance. At a constant driven power, the discharge voltage increased.
Introduction
There has been growing interest in plasma assisted ignition, which has many advantages, such as great ignition energy, short ignition delay time, strong penetration force, and large flame propagation velocity [1−5] .
Scott D Gallimore [6] conducted plasma ignition experiments in subsonic and supersonic conditions, the results indicated that a plasma jet could enhance the mixing of combustible gas and air. Lance S Jacobsen [7] found that the plasma igniter could generate a 5000 K plasma jet filled with active particles. Liu Jianbang [8] conducted plasma ignition tests in methane/air and propane/air mixtures, and the results showed that the ignition delay time, peak pressure and rising time of pressure were much smaller than that in normal ignition. Igor Matveev [9] conducted plasma ignition tests at 12 km, the results demonstrated reliable high altitude ignition performance.
Recently, most of the plasma igniters are applied with direct current (DC) power, the electrode suffers from high temperature erosion, and inert gases were usually adopted as the working gas [10−13] , which hinders its application in engineering.
In this paper, a new type of AC plasma igniter with working gas of air was developed. The discharge voltage and current were measured in both breakdown and stable combustion processes, respectively. The discharge power, V -I characteristic, current-zero phenomena were studied, and the influence of working gas flow rate on V -I characteristic was discussed.
Experimental setup
The experimental setup used to study the electrical characteristic of an AC plasma igniter is sketched in Fig. 1 , including the plasma ignition system, gas supply system, data measurement and collection devices.
The plasma igniter system consists of an AC power supply and a plasma igniter. The AC power supply used high voltage, high frequency pulses to initiate discharge, and alternating voltage to maintain the discharge. The plasma igniter adopts a coaxial structure with a tungsten-zirconium alloy cathode and a tungsten-copper alloy anode. The working gas generated by an air compressor flowed into the igniter chamber in a whirly manner and served as the plasma forming gas and is measured by a mass flow meter. The discharge voltage and current are monitored by a voltage probe (Tektronix P6015A) and a current probe (Tek-tronix TCP0030), respectively. The two signals are measured by a four channel digital oscilloscope (Tektronix DPO4000B). 
Results and discussion
Once the AC power supply was started, the air between anode and cathode was broken down to form gas discharge, when the working gas passes through the gap, it was ionized to eject from the anode in the form of a plasma jet. Fig. 2 shows the air plasma jet at driven power of 0.8 kW and working gas flowrate of 0.60 g/s. The plasma jet consisted of a bright core adjacent to the nozzle and a less bright region with a substantially greater volume. 
Electrical characteristic of the atmospheric breakdown process
Voltage is an important parameter in understanding the gas discharge process. The discharge voltage and current waveforms in the breakdown process were shown in Fig. 3 at driven power 0.8 kW and working gas 0.60 g/s. After the supply of driven power, the voltage between the cathode and anode rose rapidly, as did the electrical field intensity. When the voltage grew up to 8 kV, the working gas in the gap between the cathode and the anode was broken down to initiate a discharge. Then the voltage decreased to −4.7 kV in 0.05 µs, and the current reached 33.36 A. After that, the discharge voltage and current oscillated with their amplitudes reduced.
Electrical characteristic in the stable combustion process
The discharge voltage and current waveforms in the stable combustion process are shown in Fig. 4 at a driven power of 0.8 kW and working gas of 0.60 g/s. Fig. 5 depicts the instantaneous discharge power in one working cycle. It can be seen from Fig. 4 that in stable combustion, the discharge voltage peak-peak value was 5.10 kV, and the current peak-peak value was 0.93 A. The discharge voltage and current approximately showed changes in sine waveform with a cycle period of 42 µs. At the beginning of a half cycle, the voltage increased rapidly, but the current remained constant for about 2 µs (as ∆T shown in Fig. 4) , and then increased rapidly with discharge voltage. When the discharge voltage reached its maximum value and began to decrease, the current continued to rise for about 5 µs. In fact, the current passed zero point only at one moment, but in a short period before and after the moment, the current could be considered approximately equal to zero. This period was called the current-zero moment, and depended on many factors, such as the gap internal process and the circuit conditions (resistor, inductor, capacitor, et al). The discharge power is shown in Fig. 5 , the maximum power was 1.13 kW at the time when the current reached the maximum value.
The V -I characteristic represents the relationship between discharge voltage and current, and is one of the most important parameters of gas discharges. Fig. 6 shows the V -I characteristic of one working cycle at a driven power of 0.8 kW and working gas of 0.60 g/s. It can be seen that the V -I characteristic consisted of two curves, a current increasing and a current decreasing curves. The latter curve is lower than the former one, which is caused by the thermal inertia of the electrode and the working gas. The dynamic resistance concept could be used to illustrate the V -I characteristics. The dynamic resistance was numerically equal to the ratio of instantaneous discharge voltage and current. With periodic changes of voltage and current, the number of charged particles and electrical conductance in the gap was also changed. The V -I characteristic changed with current, cooling of electrodes, electrode material, feed stock, and frequency of current, etc. Fig. 7 shows dynamic resistance corresponding to Fig. 4 . As can be seen from Fig. 7 , with changes of discharge voltage and current, the dynamic resistance was also approximately changed periodically. At current-zero moments, the dynamic resistances became extremely high, the maximum could reached 445 kΩ, and thus dynamic resistance was the main limiting factor to current. It could also be seen from Fig. 7 that the dynamic resistance at current-zero moments was not the same, because of flow irregularity when working gas passes through the igniter chamber.
3.3 The influence of working gas flow rate Fig. 8 shows variations of discharge voltages peakpeak values in stable combustion versus working gas flow rates for different driven powers. The V -I characteristics can be seen from Fig. 9 for different working gas flow rates at a driven power of 0.7 kW. From Fig. 8 , with the increase of working gas flow rate from 0.28 g/s to 0.73 g/s, the discharge voltage peak-peak values were increased. As the gas flow rates increased, the cooling effect of air was enhanced, increasing the compression degree of the plasma jet column, thus the cross section of the jet decreased. At a constant driven power, due to the increase of resistance between electrodes, the discharge voltage was enhanced. This can be clearly seen from Fig. 9 . With the increase of working gas flow rate, the gradient of V -I characteristic curves was enhanced, as was the dynamic resistance. 
Conclusions
The electrical characteristics of AC plasma igniters were investigated experimentally. The current-zero phenomena, V -I characteristics, influence of working gas flow rate were analyzed. The working gas of atmospheric air could be ionized to generate discharge when the voltage grew up to 8 kV, and the maximum current was 33.36 A. The duration of the current-zero phenomena was about 2 µs. At this moment, dynamic resistance became the main factor restraining discharge current. With increasing working gas flow rates, the gradient of V -I characteristic curves was increased, so was the dynamic resistance. At a constant driven power, the discharge voltage increased.
The discharge voltage and current peak-peak values of an AC plasma igniter in stable combustion process were 5.10 kV and 0.93 A, respectively, quite different from the case of a DC plasma igniter with working voltage 24 V and current 25 A [13] . The large working current of the DC plasma igniter usually generated a high temperature plasma jet (2506 K) [13] at the expense of electrode erosion. However, the large voltage, low current characteristic of the AC plasma igniter could bring about many advantages, such as reduced thermal erosion of electrodes with no need for extra cooling devices, compact configuration design, long service life, etc. However, this was at the cost of reduced plasma jet temperature. The AC plasma jet temperature will be further studied. Additionally, the working gas of this AC plasma igniter was air, which could expand its application areas in engineering.
